Introduction {#s001}
============

D[ry eye disease]{.smallcaps} (DED) is one of the most prevalent ocular diseases^[@B1],[@B2]^ affecting between 5% and 30% of people aged more than 50 years, according to Dry Eye WorkShop (DEWS).^[@B3]^ In addition, in the Salnes eye study, the prevalence of DED in a Spanish adult population was found to be 11.0%,^[@B4]^ and based on self-reporting of dry eyes in the Beaver Dam Offspring cohort, prevalence of DED was reported at 14.5%.^[@B5]^ The causes of DED are multifactorial^[@B6],[@B7]^ and result in symptoms of discomfort, visual disturbance, and ocular pathological changes, including corneal epithelial injury and conjunctival squamous metaplasia. However, DED seems to be invariably associated with chronic inflammation of the ocular surface, although it is not known whether the local inflammation is causative^[@B8]^ or simply occurs as a consequence of ocular dryness.^[@B9],[@B10]^

Regardless of the level of DED severity, frequent applications of artificial tears (ATs) remain a widely accepted and first-line treatment strategy for close to 80% of patients.^[@B11],[@B12]^ These supplements, depending on their formulation and active ingredients, are intended to (i) expand tear volume in aqueous tear deficiency; (ii) improve symptoms of dry eye in meibomian gland dysfunction patients^[@B13]^; and (iii) enhance the tear film (TF) lipid layer of the TF and therefore improve TF stability and reduce tear evaporation.^[@B14]^

In the AT field, very few compounds have been shown to present biologic anti-inflammatory function. For example, 2 ingredients in ATs, trehalose and hyaluronic acid (HA), have been reported to present some anti-inflammatory efficiency. According to a human study in DED patients, HA suppressed inflammatory markers.^[@B17],[@B18]^ In studies using an animal dry eye model, trehalose eye drops reduced proinflammatory cytokine upregulation.^[@B19]^ Recently, an eye drop formulation containing alpha-linoleic acid or a combination of the omega-3 essentially fatty acid and HA in eye drops has been reported to be effective at decreasing inflammatory cytokines in a murine experimental dry eye model.^[@B22],[@B23]^

Cationorm^®^ is a cationic oil-in-water emulsion, in which the positive charges of the oil nanodroplets are brought by cetalkonium chloride (CKC), a lipophilic quaternary ammonium with a 16-carbon aliphatic chain. The low dose and high lipophilicity of CKC prevent it from having either a detergent or a preservative action in Cationorm.^[@B24],[@B25]^ It is an AT used in the management of signs and symptoms of dry eye in mild to moderate DED patients.^[@B26],[@B27]^

The present study evaluates and compares the efficacy of the cationic oil-in-water emulsion in improving the corneal wound healing process in a corneal debridement rat model^[@B28],[@B29]^ with other ATs and its possible role on the modulation of the inflammatory response associated with the debridement procedure. This model is also known to be the most appropriate for looking at cell migration and inflammation.^[@B30]^

Methods {#s002}
=======

Animals and treatments {#s003}
----------------------

Male Wistar rats (Centre d\'élevage Janvier, Le Genest Saint Isle, France), 7--8 weeks of age, were used in these experiments. The Iris Pharma Institute Animal Care and Use Committee approved the protocol, and all animals were treated according to the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research.

Rats were randomly assigned to 7 groups, including a normal control group without any corneal defect. The other groups were subjected to corneal abrasion and received topical treatments with phosphate-buffered saline (PBS), 0.02% BAK solution (benzalkonium chloride in PBS), Systane Balance^®^ (Alcon Laboratories, Inc.), Optive^®^ (Allergan, Inc.), Vismed^®^ (Horus Pharma), or Cationorm (Santen SAS). Ten microliters of each eye drop was applied twice a day for 5 days in both eyes. The treatments were encoded. The treatment allocation was blinded to the technician administering the treatment, and the researcher assessing the outcome of the experiment was blinded to the treatment allocation. Group identification was uncovered at the end of the analysis. ATs are presented in [Table 1](#T1){ref-type="table"} with active ingredients and preservatives.

###### 

[Specificities of the Artificial Tears Used in This Study]{.smallcaps}

  *Eye drops*             *Systane balance*                                  *Optive*                           *Vismed*             *Cationorm*
  ----------------------- -------------------------------------------------- ---------------------------------- -------------------- --------------------------------------------
  Description             Anionic o/w nanoemulsion (0.6% propylene glycol)   0.5% CMC; 0.9% glycerin solution   0.18% HA solution    Cationic o/w nanoemulsion (1% mineral oil)
  Aspect                  White emulsion, Tyndall effect                     Colorless solution                 Colorless solution   White emulsion, Tyndall effect
  pH                      7.0                                                7.2                                7.2                  7.1
  Osmolarity, mOsm/kg     277                                                331                                154                  194
  Conductivity, mS/cm     1.8                                                4.9                                9.0                  0.45
  Particle size, nm       220                                                NA                                 NA                   183
  Zeta potential, mV      −48.4                                              NA                                 −38.6                +27.4
  Viscosity, mPa/s        1.0                                                1.0                                1.0                  1.1
  Surface tension, mN/m   45.3                                               68.4                               65.5                 40.1
  Preservative            Polyquaternium-1 (0.001%)                          Purite^®^ (0.01%)                  Preservative-free    Preservative-free

HA, hyaluronic acid.

*In vivo* rat model of corneal epithelial wound healing {#s004}
-------------------------------------------------------

Rats were deeply anesthetized by intramuscular injection of a mixture of xylazine and ketamine. A drop of 0.4% oxybuprocaine was topically applied as local anesthesia. Five microliters of a 50% ethanol solution was applied to the upper cornea of the right eye of each rat for 5 s, after which the corneal epithelium was removed from about 50% of the corneal surface using a scalpel blade under the operating microscope. Deepithelialization was confirmed by fluorescein staining.

*In vivo* confocal microscopy {#s005}
-----------------------------

An HRT II/RCM (Heidelberg Engineering GmbH) was used to examine the animals. The HRT II camera was left connected to the headrest in a horizontal position. The laser source was a diode laser with a wavelength of 670 nm and the objective of the microscope is an immersion lens, magnification ×60, numerical aperture 0.90 (Olympus). A drop of Gel-larmes (Laboratoires Théa) was placed on the tip of the objective lens to maintain immersion contact between the objective lens and the eye. The anesthetized animals were positioned under the microscope with the central cornea directed perpendicularly to the objective. Images covering an area of 400 × 400 μm with transverse optical resolution of ∼2 μm/pixel were taken. Oblique sections of the cornea were obtained by manual control. For all eyes, 5 confocal images, including superficial and basal epithelium, anterior and posterior stroma, and endothelium, were recorded.

*In vivo* confocal microscopy scoring system (IVCM scale) {#s006}
---------------------------------------------------------

An *in vivo* confocal microscopy (IVCM) scale was used to quantify the ocular surface damage.^[@B31]^ The IVCM grading system was developed by Pauly et al.^[@B31]^ The system assigned numerical values by degree of severity according to the presence, the cell morphology and nuclear aspects (shape and size, reflective pattern), inflammation, and neovascularization. These parameters were scored on basal epithelium, stroma, and endothelium. The individual scores were added to obtain the total HRT score. The maximum score was 55 (28 for epithelium, 14 for endothelium, and 13 for stroma). Scores were obtained for the 5 zones and the average of the 5 zones was calculated for each animal. The number of infiltrating inflammatory cells (lymphocytes, polymorphonuclear cells, or dendritic-like cells) was assessed using the Cell Count^®^ program (Heidelberg Engineering GmbH) associated with the HRT II/RCM.

MUC5AC^+^ goblet cells in conjunctiva {#s007}
-------------------------------------

Eyeballs with eyelids were embedded in OCT compound (Tissue-Tek; Sakura Finetek USA, Inc.) and frozen in isopentane cooled in liquid nitrogen. The immunostaining procedure was performed with 6-μm frozen nasal, central, and temporal sagittal sections fixed in acetone (−20°C, 10 min). Slides were then incubated with 2% bovine serum albumin (BSA) to block nonspecific binding. MUC5AC^+^ goblet cells were analyzed with specific antibody against MUC5AC (1:200 dilution; monoclonal mouse anti-human antibody, ab3649; AbCam). The secondary antibody used was donkey anti-mouse immunoglobulin G labeled with Alexa Fluor 594 (1:500 dilution; Invitrogen). Controls were performed by incubating slides with nonimmune serum in PBS 2% BSA replacing primary antisera or with PBS replacing conjugated antibodies. For each sample, the extent of immunohistochemical reactivity was evaluated by the number of cells positive for MUC5AC expression per millimeter of epithelium. Tarsal, fornix, and bulbar conjunctiva were considered in the superior and inferior parts of the eyeball. Cells were counted manually using ImageJ software and the Cell Counter plugin (National Institutes of Health).

*In vitro* stimulation in the HCE-2 cell line {#s008}
---------------------------------------------

HCE-2 cells (ATCC) were cultured in KBM-Gold supplemented hormonal epithelial medium and were incubated at 37°C under 95% humidity and 5% CO~2~. The cells were seeded in fibronectin/gelatin-coated 96-well plates and cultured in culture medium for 24 h. The medium was then replaced by culture medium containing the test items at a 1/10 dilution and IKK inhibitor X (10 μM, as the internal control of the test) and the cells were incubated for 30 min. After this 30-min incubation period, the medium was changed to fresh medium containing lipopolysaccharide (LPS, 1 μg/mL) without the test items, and the cells were cultured for another 24 h, after which the culture medium supernatants were collected to quantify IL6 and IL8 release by ELISA (Duo set IL6 and Duo set IL8; R&D Systems). A viability assay was also performed at the end of the experiment on the cell monolayers according to standard MTT assay procedures.

Statistical analysis {#s009}
--------------------

For the *in vivo* experiment, no power calculation was done since this was an exploratory experiment. Only a descriptive statistical analysis was performed and the results are presented as the mean ± standard deviation (SD). For the *in vitro* experiment, IL6 and IL8 secretion assays were performed in triplicate. The results are presented are the mean of 3 experiments. A 1-way ANOVA was used to compare variance between groups, and a *t*-test with Bonferroni correction was performed to compare each treatment group with the PBS-treated group. Differences were considered significant at *P* \< 0.05.

Results {#s010}
=======

Corneal wound healing following mechanical debridement {#s011}
------------------------------------------------------

A mechanical corneal superficial epithelium debridement was performed in rats to evaluate the effect of various AT treatments on the recovery process of an altered epithelium. Approximately 50% of the corneal surface of the right eye of each rat was mechanically scraped, and fluorescein staining was used to quantitate the extent of the corneal alterations ([Fig. 1A](#f1){ref-type="fig"}). As evidenced by fluorescein staining, the corneal wound healing process was complete at day 5; no staining was visible in any treatment group. [Figure 1B](#f1){ref-type="fig"} is a representative picture of a debrided cornea at day 5. At the macroscopic level, neither scarring nor opacities were observed in the debrided corneas treated with the different ATs.

![Corneal fluorescein staining was performed immediately after the scraping of the upper part of the corneal epithelium (on day 1) to characterize the scraped region **(A)** or at day 5 **(B)** to evaluate corneal recovery and healing.](fig-1){#f1}

IVCM was used to provide better insight into the corneal changes that may have occurred in the different layers of the tissue (ie, superficial epithelium, basal epithelium, anterior stroma, and endothelium). Following corneal scraping and 5 days of treatment with the different eye drops (BID), the tissue alterations were scored according to the scale established by Pauly et al.^[@B31],[@B32]^ and Liang et al.^[@B33]^ ([Fig. 2B](#f2){ref-type="fig"}). Interestingly, the treatment means that were below the grand mean (3.5, overall average of the data without the normal control group) were obtained with the 2 preservative-free AT preparations: Vismed (2.8 ± 1.3) and Cationorm (2.5 ± 2.1). In contrast, the soft-preserved AT displayed higher IVCM scores, ranging from 3.5 to 4.3, with the 0.02% BAK solution having the highest score: 4.3 ± 2.9. Representative IVCM pictures are presented in [Fig. 2A](#f2){ref-type="fig"}.

![*In vivo* confocal microscopy (IVCM) characterization of the cornea at day 5 following corneal scraping and 5 days of treatment with the different eye drop preparations. **(A)** Representative pictures of the corneal epithelium, stroma, and endothelium. **(B)** Tissue alterations scored according to Pauly et al.^[@B31]^ IVCM scale. **(C)** Corneal inflammation was characterized by assessing the density of infiltrated inflammatory cells within the stroma. The unpreserved eye drop preparations show a trend toward a lower inflammation scatterplot of the data. The plot includes the grand mean of the data as a *dotted line* (normal control group excluded) and the individual treatment means as a *solid line*.](fig-2){#f2}

Inflammatory cell count in the stroma following corneal debridement {#s012}
-------------------------------------------------------------------

The density of inflammatory cells per square millimeter (mm^2^) was determined with the *in vivo* confocal microscope in 5 different regions of the stroma. Two of these regions were located exactly under the debrided area of the corneal epithelium, another 2 were located under the intact region of the corneal epithelium, while the fifth one was situated exactly at the interface between the debrided and the intact region of the corneal epithelium. The mean inflammatory cell count at day 5, following twice daily instillations of the different ATs is presented in [Fig. 2C](#f2){ref-type="fig"}. The treatment means that were below the grand mean (17.45, overall average of the data without the normal control group) were obtained with the 2 preservative-free AT preparations: Vismed (13.2 ± 12.3) and Cationorm (7.3 ± 6.5). In contrast, the number of inflammatory cells following corneal debridement and twice daily instillations in the soft-preserved AT-treated groups ranged from 18 to 30 cells/mm^2^. Surprisingly, the soft preservation systems, Purite^®^ and Polyquad^®^, did not perform better than a 0.02% BAK solution instilled twice daily. Both quaternary ammonium-containing preparations presented a similar inflammatory cell density in the stroma, 17.8 ± 15.5 and 21.4 ± 11.2 cells/mm^2^, for the 0.02% BAK solution and Systane Balance, respectively.

*In vitro* characterization of the anti-inflammatory properties of the ATs following LPS challenge {#s013}
--------------------------------------------------------------------------------------------------

The anti-inflammatory properties of the different ATs were evaluated in HCE-2 cells with a protocol designed to mimic the residence time and the dilution by tears observed for any instilled eye drops. A subconfluent HCE-2 cell monolayer stimulated with LPS was incubated for 30 min in the presence of 1/10 dilutions of the different ATs. After 30 min, the cell culture medium containing the diluted AT was replaced by fresh medium containing LPS and the cells were cultured for another 24 h. This medium was then collected to quantitate the amounts of IL6 and IL8 secreted during the 24-h incubation period ([Fig. 3](#f3){ref-type="fig"}). An MTT cell viability test performed on the cells at the end of the 24-h incubation period confirmed that the 10% dilution of the 0.02% BAK solution was toxic: 4% cell survival was observed following the 30-min treatment with the 0.02% BAK solution, hence no reliable IL6 and IL8 secretion could be calculated for the 0.02% BAK solution. In contrast, all the commercial ATs were very well tolerated, with cell survival values ranging from 88% to 96%. IKK inhibitor X was very effective at inhibiting the secretion of both IL6 (74% inhibition) and IL8 (72% inhibition), thus confirming the validity of the assay (data not shown).

![*In vitro* anti-inflammatory properties in HCE-2 cells following lipopolysaccharide stimulation and treatment with the different artificial tears (ATs). **(A)** IL6 and **(B)** IL8 secretion inhibition. \*\**P* \< 0.01; \*\*\**P* \< 0.001 versus phosphate-buffered saline (PBS).](fig-3){#f3}

### Effects on IL6 secretion {#s014}

Cationorm reduced the secretion of IL6 by 59%, while the other 3 ATs displayed secretion inhibition levels that were within the range of the level observed for PBS (9%) ([Fig. 3A](#f3){ref-type="fig"}). Even though the inhibition values observed for Systane Balance (16%) and Optive (18%) were higher than the value observed for PBS, no statistically significant difference was reached for either AT.

### Effects on IL8 secretion {#s015}

Cationorm reduced the secretion of IL8 by 74% and Systane Balance by 40%. Vismed, Optive, and PBS did not have any significant effect on IL8 secretion ([Fig. 3B](#f3){ref-type="fig"}). They inhibited the secretion of IL8 only by 5%, 4%, and 3%, respectively.

Goblet cell count in the conjunctiva of scraped cornea eyes {#s016}
-----------------------------------------------------------

The number of mucin-positive goblet cells was determined in the bulbar conjunctiva and fornix, and the mean density of mucin-positive goblet cells per field is presented in [Fig. 4](#f4){ref-type="fig"}. In the control group, the negative control PBS-treated rat, the density of mucin-positive goblet cells was 24 ± 4 cells/field. Interestingly, only in the 0.02% BAK solution-treated group did the density of mucin-positive goblet cells decrease to 15 ± 7 cells/field. In contrast, this density was maintained at values close (range 23--26 cells/field) to the density observed for the control group for Systane Balance, Optive, and Vismed. On the other hand, only the eyes treated with the cationic emulsion (Cationorm) for 5 days presented a trend toward an increase in the density of mucin-positive goblet cells (34 ± 18 cells/field).

![Following corneal scraping and 5 days of treatment with the different eye drop preparations, mucin-positive goblet cell density was assessed within the ocular surface; 0.02% BAK instillations resulted in a decrease in mucin-positive goblet cells, while the ATs were all able to maintain the density of mucin-positive goblet cells, with Cationorm^®^ being the only one to present a trend toward an increase in mucin-positive goblet cell density.](fig-4){#f4}

Discussion {#s017}
==========

DED is a complex multifactorial disease of the TF and ocular surface,^[@B3]^ in which inflammation is an important player.^[@B8]^ Inflammation can simultaneously be both a triggering and an exacerbating factor of the disease.^[@B9],[@B10],[@B34]^ Cyclosporin and steroids are the main classes of anti-inflammatory compounds found in prescription medicines routinely used for the treatment of signs and/or symptoms of dry eye.^[@B35]^ Cyclosporin, as compounded hospital preparations or Restasis^®^ (0.05% CsA; Allergan), has been used for more than 20 years in many European countries and since 2003 in the United States. While corticosteroids, such as methylprednisolone, loteprednol etabonate, and fluorometholone, are effective anti-inflammatory therapies in DED,^[@B36],[@B38],[@B39]^ their side effects^[@B36]^ limit their use to short periods of time. However, these compounds are not the first-line therapy for the management of patients with mild to moderate DED, a position held by ATs, even though active inflammation is also likely to be present in these patients with less severe DED.

ATs are mainly ocular lubricants specifically formulated to moisten the eyes and restore a well-hydrated ocular surface environment that helps protect the corneal epithelium through mechanical action. There are many different brands (\>300; [www.goodguide.com](www.goodguide.com))^[@B40]^ and forms (aqueous solutions, emulsions, ointments) of ATs^[@B41],[@B42]^ on the market. They are used for temporary relief of the burning and irritation sensations and the discomfort caused by DED. Due to their low side effect profile, they are the first-line therapy in the management of symptoms and signs of DED.^[@B11]^ HA, carboxymethyl cellulose, polyols such as glycerol or mannitol, and oils are the active ingredients often found in ATs and are the compounds responsible for their beneficial (mechanical) action on the ocular surface.^[@B43],[@B44]^

The present study compared the wound healing and the net anti-inflammatory properties of ATs using different strategies to moisturize and protect the ocular surface. In the rat, superficial corneal debridement wounds reepithelialize rapidly^[@B45],[@B46]^ and do not induce differentiation or morphological changes in the superficial corneal epithelium. Hence, superficial corneal abrasions, that is, lesions located in the epithelium and not reaching the stroma, were used as the proinflammatory stress to evaluate the efficacy of ATs. Indeed, animal models of corneal injury reveal an acute inflammatory response. Within hours after wounding, the resident leukocytes become activated and recruit other leukocytes from the limbus into the stroma.^[@B47],[@B48]^

This study shows that the wound healing pace of these superficial abrasions was not modified by the twice daily applications of ATs. Five days after corneal debridement, the clinical observations (corneal fluorescein staining, [Fig. 1B](#f1){ref-type="fig"}) confirmed the complete reepithelialization of the cornea, whatever the AT used. Surprisingly, twice daily instillations of the 0.02% BAK solution were also quite well tolerated in this animal model.

Since the corneal debridement was performed in healthy rats with no underlying systemic or ocular diseases or inflammation, it is possible that the 5-day time frame of the experiment was too short for repeated instillations of 0.02% BAK solution to induce deleterious effects. In patients, deleterious effects of repeated instillations of BAK-containing eye drops become evident after a relatively long period of use^[@B49]^ and are predominantly seen in patients already presenting ocular surface alterations or subclinical levels of inflammation, such as in DED, glaucoma, or diabetic patients.^[@B50]^

The relatively low values of the IVCM score presented in [Fig. 2B](#f2){ref-type="fig"} also indicate that the corneal epithelium healed quite well. However, it is interesting to note that there is a trend toward lower scores with the preservative-free ATs---Vismed and Cationorm---and the lower the score, the better. It is also worth mentioning that these 2 ATs are also hypo-osmotic ([Table 1](#T1){ref-type="table"}), and it cannot be excluded that the low osmolarity might have beneficial effects as well. Altogether, these data suggest that an endpoint at day 5 following a superficial corneal abrasion does not allow us to discriminate the different ATs even if corneal epithelium debridement that leaves the basement membrane intact is an ideal model for quantifying reepithelialization or cell proliferation rates.^[@B30]^

A minimal rehydration (with PBS) of the ocular surface in healthy rats seems to be sufficient for the restoration of the corneal epithelium.

This study also demonstrates that the ATs tested are well tolerated as they do not alter the healing process. This is confirmed by the evaluation of the number of goblet cells present at the end of the experiment, which for the 4 ATs remains similar to the level observed in the PBS sham group. In contrast, animals treated with the 0.02% BAK solution had their goblet cell count decreased by 37.5%, probably as an early indication of BAK toxicity. It is well known that repeated instillation of BAK-preserved eye drops reduces the number of goblet cells present on the ocular surface.^[@B49],[@B51]^ An elevated goblet cell count is therefore an indication of the good tolerance of the 4 ATs.

It is particularly worth noting that in the Cationorm-treated animals, there was a trend toward an increase in the goblet cell count (close to a 40% increase in the goblet cell count per field, [Fig. 4](#f4){ref-type="fig"}).^[@B33]^ Due to the relatively low number of animals per group, this difference did not reach statistical significance. However, this is an argument that Cationorm, in addition to its good tolerance, may also possess advantageous properties that help protect the ocular surface.^[@B33]^

In these corneas with a healed superficial epithelium, inflammation was expected to be relatively low with inflammatory cell counts in the stroma for the 4 ATs close to the value observed in the PBS sham group (2.3 ± 5.1 cells/mm^2^; [Fig. 2C](#f2){ref-type="fig"}), even though the exact kinetics of the different rounds of inflammatory cell recruitment after corneal debridement is not well known.^[@B48],[@B52]^ However, the 2 soft-preserved ATs, Systane Balance and Optive, displayed inflammatory cell counts higher than the PBS sham group (∼20--30 cells/mm^2^), whereas for Vismed and Cationorm, that is, the 2 preservative-free ATs, the cell counts were not significantly different from the PBS sham.

These data suggest that an underlying inflammation may still be present in corneas with healed superficial epithelium when treated with the soft-preserved ATs, while this inflammation is reduced with the 2 preservative-free ATs. At this stage, it is not clear whether this inflammation at day 5 stems from the inflammation induced by the abrasion procedure or if the repeated instillations of the soft-preserved ATs may also negatively contribute to the inflammation observed in the stroma. It is well known that hyperosmolar tears are proinflammatory,^[@B7],[@B53],[@B54]^ and Optive with an osmolarity of 331 mOsm/kg ([Table 1](#T1){ref-type="table"}) also displayed the highest inflammatory cell count in the corneal stroma ([Fig. 2C](#f2){ref-type="fig"}).

If we consider that the twice daily PBS instillations have no direct effect on inflammation, then the inflammatory cell count observed in the PBS-treated group could represent the inflammation that was induced by the corneal abrasion procedure that is slowly tapered down following the completion of the healing process within the superficial epithelium. Indeed, numerous epithelial abrasion studies have documented the presence of neutrophils within the corneal stroma as early as 6 h after injury.^[@B48],[@B52],[@B55],[@B56]^ These neutrophils transmigrate from the limbal vessels and through the stroma into the injured area.^[@B57]^ The number of neutrophils in the injured cornea peaks 24--48 h after injury before decreasing, while other cell types, such as macrophages, begin to appear. Macrophages, in concert with neutrophils, phagocytose cellular debris. They are the source of chemoattractants and growth factors that promote the resolution of inflammation, epithelial cell migration, and proliferation for wound closure and healing.

The 4 ATs can be separated into 2 groups: (i) the preservative-free and hypo-osmolar ATs (Cationorm and Vismed), with a mean inflammatory cell count lower than the PBS group, and (ii) the soft-preserved ATs (Systane Balance, iso-osmolar, Optive, hyper-osmolar), with an inflammatory cell count higher than the PBS group. This difference in inflammation could be related to the presence or absence of a preservative agent or to the higher osmolarity found in these ATs. Several animal studies have demonstrated that exposure to BAK-containing eye drops results in overexpression of inflammatory markers, such as HLA-DR, ICAM-1, or Fas,^[@B58]^ together with a conjunctival infiltration of inflammatory cells.^[@B59]^ By contrast, Polyquad is described as being well tolerated in animal models^[@B60],[@B61]^ and *in vitro*,^[@B62]^ while the stabilized oxychloro complex (Purite) was shown to have some toxicity *in vitro*.^[@B63]^

To further explore and confirm the anti-inflammatory trend seen *in vivo* ([Fig. 2C](#f2){ref-type="fig"}), an *in vitro* test in HCE-2 cells was used to characterize the ability of the 4 ATs to inhibit IL8 and IL6 secretion following LPS stimulation ([Fig. 3](#f3){ref-type="fig"}). IL8 was chosen because it is a chemotactic agent implicated in the recruitment of inflammatory cells and IL6 because it is an acute-phase proinflammatory cytokine. The test was designed to mimic the residence time and the dilution of the ATs that occur following their applications onto the eye.^[@B33]^ While Vismed and Cationorm presented a low level of inflammatory cells in the corneal stroma, only Cationorm effectively inhibited the secretion of both IL8 and IL6, suggesting that this cationic emulsion, in addition to its good *in vitro* tolerance,^[@B64]^ also possesses a direct effect on some of the proinflammatory markers found in diseased corneas.

In contrast, no such effects were observed for Vismed in this experimental setting; however, HA (Vismed) has been described to possess some anti-inflammatory properties.^[@B17],[@B65],[@B66]^ High-molecular-weight HA (HMW-HA \>10^7^ Da) has been described to be anti-inflammatory,^[@B67]^ while low-molecular-weight HA (LMW-HA: 2--5 × 10^5^ Da) is proinflammatory through mainly TLR2 and TLR4 activation. However, HMW-HA can be degraded in LMW-HA by reactive oxygen species generated during inflammation.^[@B68],[@B69]^ This reduced and better inflammatory cell count observed *in vivo* following Vismed treatment when compared with Systane Balance or Optive might also be the result of a hypo-osmolarity-induced osmoprotection.^[@B7],[@B70]^

*In vitro*, Systane Balance was able to modulate the secretion of IL8. However, this moderate *in vitro* anti-inflammatory action was not seen *in vivo* following the twice daily instillations over the 5-day period. The presence of the soft preservative agent, Polyquaternium-1, in Systane Balance and the repeated instillation dosing regimen might be the reason for the *in vitro* effect not transferring to the *in vivo* experiment. Even though both ATs are generally well tolerated in patients, the prolonged use of these ATs and the presence of the soft preservative agents on the ocular surface might maintain a low subclinical level of chronic inflammation within the cornea. The underlying corneal inflammation that might be present following soft-preserved or hyper-osmolar AT treatments can be the cause for the loss of efficacy often seen in long-term AT treatments.

In this study, we have demonstrated that repeated instillations of both soft-preserved (Systane Balance and Optive) and preservative-free ATs (Vismed and Cationorm) are well tolerated by diseased eyes presenting superficial corneal epithelial abrasions. The different AT treatments have only a minor impact on the wound healing pace as corneal healing was complete within 5 days.

However, preservative-free Cationorm and Vismed presented lower residual inflammation within the stroma of the treated eyes at the end of the treatment period when compared with the soft-preserved Systane Balance or Optive.

While Vismed\'s inflammatory cell count in the stroma may be explained by HA (depending on its HA molecular weight), the absence of any soft preservative agent, or its hypo-osmolarity, only the preservative-free AT Cationorm seems to harbor direct anti-inflammatory properties. This anti-inflammatory effect is probably not solely related to a mechanical improvement of the ocular surface environment brought by the AT since in that case the same reduced inflammatory cell count would have been seen for each of the 4 ATs.

Cationorm is a hypo-osmolar cationic oil-in-water emulsion, in which the positive charges of the oil nanodroplets are brought by CKC, a quaternary ammonium with a lipophilic 16-carbon aliphatic chain. The electrostatic interactions between the positively charged oil nanodroplets and the negatively charged ocular surface are responsible for the rapid spreading and improved residence time of the cationic emulsion on the ocular surface.^[@B25]^ The low dose and the high lipophilicity of the cationic agent (CKC) also prevent ocular toxicity of the cationic emulsion, even though the cationic agent is a quaternary ammonium.^[@B25]^ Repeated instillations of Cationorm were demonstrated to be safe and well tolerated in animal models: in an acute toxicity rabbit model (up to 15 instillations over 75 min)^[@B71]^ and in 28-day local tolerance studies in the rabbit (6 instillations per day for 28 days), as well as in patients.^[@B26],[@B27]^ These good safety and efficacy profiles clearly position Cationorm as a promising new AT for the management of signs and symptoms of dry eye in mild to moderate DED patients presenting chronic subclinical levels of ocular inflammation.
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